Introduction
Increasing and maintaining crop production for future food and energy demands while preserving soil quality and function is the major challenge in modern agriculture (Doran, 2002; Godfray et al., 2010) . Soil fertility is the key for sustaining crop production. In modern agriculture, soil fertility is maintained predominantly by external fertiliser inputs. However, with increased water and environmental contamination (Bennett et al., 2001) , it is vital to understand the dynamics of lifesupporting elements in soil, such as nitrogen, phosphorus and carbon, which lies in the connection between their forms in soil and is modulated by soil microbial community biology (Scholes and Scholes, 2013) . Even though croplands are intensively managed, they rely on microbialmediated processes for overall soil sustainability (Osler and Sommerkorn, 2007; Bissett et al., 2013) . Therefore, understanding the dynamics of soil microbial communities and the factors that influence those dynamics is crucial for comprehending the processes that affect soil fertility (Carbonetto et al., 2014) . Ecological approaches, such as diversity and function analyses of soil microbial communities and causal analysis of the influence of external factors on their composition and structure, have the potential to address those questions (Fierer et al., 2012 (Fierer et al., , 2013 Carbonetto et al., 2014) .
Studies have revealed that soil microbial diversity and biogeography are controlled by soil properties, such as soil pH, soil carbon and nitrogen (Fierer and Jackson, 2006; Rousk et al., 2010; Zhalnina et al., 2015; Yuan et al., 2017; Ren et al., 2018) . Among climates and seasons, soil types and structures, and aboveground vegetation-which have been investigated for determinants of soil microbial community-aboveground plants are thought to have a significant effect on microbial structure and diversity patterns (Garbeva et al., 2004; Rasche et al., 2006; Ren et al., 2018) . It is believed that each plant species may be associated with a microbial population (Bever et al., 2012; Leff et al., 2018; Schmid et al., 2019) . For example, a review by Berg and Smalla (2009) showed that each plant species is colonised by specific rhizosphere microorganisms. Soil properties and aboveground plant species are, therefore, the two most significant variables influencing the structure and function of soil microbial communities. To fully understand the extent to which both factors contribute to microbial communities, it would be beneficial to control one element and investigate the influence of the other. Croplands offer a unique opportunity as the aboveground vegetation is easily controlled, usually as a uniform crop species or several crop species in rotation over a long period (Wu et al., 2009) . Therefore, differences in the structure and function of soil microbial communities are more likely the result of varying soil properties. In return, knowledge of soil microbial community dynamics and the factors that influence those dynamics in croplands help us to understand the processes that affect soil fertility, which is fundamentally important in cropland production systems.
Soil microbial diversity and community structure was quantified using Terminal-Restriction Fragment Length Polymorphism (T-RFLP) analyses in earlier studies (e.g. Fierer and Jackson, 2006) , and later by 16s RNA amplicon sequencing (e.g. Rousk et al., 2010; Tripathi et al., 2012; Ren et al., 2018) . The T-RFLP method could underestimate microbial diversity due to its limit on the number of DNA bands on gel and the homology of restricted DNA (Fierer and Jackson, 2006) , while the more robust taxonomic assignment using 16s RNA amplicon sequencing could be limited by the databases used for sequence comparisons (Poretsky et al., 2014) . Shotgun metagenomic sequencing allows for quantification of the diversity and characterisation of function simultaneously, which is very powerful as shifts in taxonomy are usually accompanied by changes in the metabolic functional potential of soil microbial communities (Urich et al., 2008) .
China's Yangtze River Basin (YRB) is one of the most densely populated and agriculturally productive areas in the world (Yan et al., 2011) , but there are long-term trends in reduced soil fertility and stability in the region (Zhang et al., 2015) . Given the close connection between soil microbial community and soil fertility, it is paramount to detail the soil microbial communities and their pattern of composition and function across the vast area of YRB. Apart from edaphic properties (soil pH in particular), evidence exists that land-use history was a critical factor driving the diversity and structure of soil microbial communities (e.g. Suleiman et al., 2013; Goss-Souza et al., 2017) . Soils in YRB have been used for flooded rice paddies, with the sporadic rotation of dryland crops, for almost 10,000 years (Zong et al., 2007) . In contrast, traditional agriculture in both North and South America has used crops in rainfed farming (maybe with irrigation, but not flooded) for hundreds of years (Grau and Aide, 2008) , potentially creating soils that differ fundamentally from the flooded paddies in YRB. It is of particular interest to compare the soil microbial communities under the long-term practice in flooded paddies and those with rainfed land. We hypothesised that soil microbial community diversity and functional composition are predominantly determined by edaphic properties and land-use history, rather than by spatial distance and climate.
We aimed to: 1) determine the pattern of microbial community composition and structure in soils across the vast YRB using shotgun metagenomic sequencing methodology; 2) compare changes in microbial community composition and function diversity, and determine the influence of soil properties and climatic factors on microbial community composition and diversity; and 3) test the general pattern of influence of edaphic properties and land-use history on microbial community diversity and functional composition. To this end, we collected soil samples from croplands across YRB and characterised the taxonomic composition and functional pattern of soil microbial communities using shotgun metagenomics. We also retrieved comparable data of soil microbial communities across continents from the public depository, the Meta-Genome Rapid Annotation with Subsystem Technology (MG-RAST) server (Meyer et al., 2008) , to test for the general driver of taxonomic composition and functional pattern.
Materials and methods

Soil properties and sampling procedure
Soil samples were obtained from five locations along the Yangtze River catchment in China, separated by approximately 80 to 2000 km (Table S1 ). Sampling was carried out from 4 to 6 December 2017 after rice had been harvested for about 50 days and wheat had been sown for about 20 days. At the time of sampling, the soil was not submerged and wheat was in the over-winter stage. At each of the five locations, six soil samples (~50 g each) were taken at 10 cm depth using a soil corer. For each sample, half of the soil was used for DNA extraction and later sequencing, and the remaining half for soil properties analysis. The soil samples contained no plant root residues. Soil properties, including soil pH, readily available phosphorus (AP), alkaline hydrolysis nitrogen (available nitrogen, AN) and organic matter (OM), were measured for three replicates from each site. Determination of AP, AN and OM followed the methods described in Qiao (2012) . Meteorological data (daily temperature and rainfall between 1 Oct 2017 and 30 June 2018) were obtained from the nearest weather station (within 10 km) at each location.
Metagenome sequencing, initial quality control and assembly
We used shotgun sequencing metagenomics and computational analysis to compare the taxonomic and functional profiles of microbial communities in the 29 soil samples and determine the influence of soil properties and climate on taxonomic and functional composition. Bulk nucleic acids (DNA) in each sample were extracted using an E.Z.N.A. DNA Kit (Omega Bio-Tek Inc.) following the manufacturer's protocol. Sequencing of the metagenome and initial quality control were carried out at the Beijing Genomic Institute (BGI, Shenzhen, China) following their standard procedures. Briefly, qualified bulk DNA from each sample was sheared into smaller fragments by nebulisation. The X. Wang, et al. Applied Soil Ecology 147 (2020) 103449 overhangs resulting from fragmentation were converted into blunt ends using T4 DNA polymerase, Klenow fragment and T4 polynucleotide kinase. An A (adenine) base to the 3′ end of the blunt phosphorylated DNA fragments was then added to the adapters that were ligated to the ends of the DNA fragments. The short DNA fragments were extracted with Ampure beads. An Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-Time PCR System were used to qualify and quantify the sample libraries. The qualified libraries were then sequenced with an Illumina HiSeqTM platform at BGI. The DNA sequences were binned by barcode, quality filtered, and the first 15 base pairs (bp) were trimmed to remove bias introduced by the Illumina primers. Further quality control included discarding reads containing: a) 10% or more ambiguous bases (N base), b) adapter sequences (default: 15 bases overlapped by reads and adapter) and c) 50% or more low quality (Q < 20) bases. The short reads were then assembled into longer contigs with IDBA_UD (Peng et al., 2012) . For each sample, reads were assembled with a series of different k-mer sizes in parallel and mapped back to each assembly result with SOAP2 (Li et al., 2009) , before selecting the optimal k-mer size and assembly result depending on both contig N50 and mapping rate. During the assembly process, only contigs with no < 500 bp were kept for further analysis. Contigs were analysed using the MG-RAST server (Meyer et al., 2008) , as described below.
Metagenome analysis pipeline in MG-RAST
Taxonomic assignment and function characterisation for each sample (referred to as a microbial community) was implemented using the MG-RAST server, an open-source service for pipelines built for highperformance computing of taxonomic assignment and functional analysis of metagenomes and a public repository for metagenomic data. Clean sequences generated by BGI were uploaded to the MG-RAST server for analysis. MG-RAST compares DNA sequences against a large group of protein and nucleotide databases for the automated assignment of metagenomic sequences to their respective taxonomic and functional groups. An average of 10.6 Gb of clean sequencing data per sample was uploaded to the MG-RAST server, and the metagenome of each soil sample was assigned a unique and retrievable MG-RAST reference ID ( Supplementary Table S1 ). We used the pipeline options according to the default settings in MG-RAST. Further data quality control was carried out in MG-RAST, along with a normalisation step.
For taxonomic assignment, the MG-RAST server identifies candidate RNA genes by comparing the sequence data against rRNA databases Greengenes (DeSantis et al., 2006) , the European 16S RNA database (Wuyts et al., 2002) , RDP-II (Cole et al., 2006) , and boutique databases (Leplae et al., 2004) simultaneously. For functional characterisation, we examined the gene subsystems-groups of genes with functional roles that act collectively in a biological process, for example, in a metabolic pathway. These genes are grouped into functional subsystem categories. The MG-RAST server uses the Basic Local Alignment Search Tool X (BLASTX) and MD5 non-redundant database M5nr to assign genes to clustering-based subsystems as functional groups. To do so, sequence similarity was searched against several databases simultaneously--KEGG (Kyoto Encyclopedia of Genes and Genomes), NCBI (National Center for Biotechnology Information), RDP (Ribosomal Database Project), SEED (The SEED Project, Overbeek et al., 2005) , UniProt (UniProt Knowledgebase), and eggNOG (evolutionary genealogy of genes Non-supervised Orthologous Groups) (Meyer et al., 2008) . Genes were assigned to a subsystem by homology searches of protein sequences encoded by the reads. For both taxonomic assignment and function annotation, the match threshold was set at an expected value of < 1 × 10 −5 , similarity of > 50 bp, and a minimum identity of 65%. If no match was found in the relevant database, the sequence was classified as 'unclassified'. The taxonomic assignment and functional annotation results for each sample are deposited and retrievable from MG-RAST following the reference ID ( Supplementary Table S1 ).
Characterisation of community taxonomy and function and the influence of soil properties
Taxonomic assignments were extracted from the MG-RAST server using representative match classification at the domain and family level, as taxonomy is less ambiguous at the family level and above in metagenomics analysis (Escobar-Zepeda et al., 2018). The relative Wang, et al. Applied Soil Ecology 147 (2020) 103449 abundance of taxa was extracted as the proportion of sequences assigned to each matched microbial family relative to the total number of taxonomic assignments from MG-RAST (details in Supplementary Table  S2 ). The relative abundance of functional gene subsystems is defined as the proportion of protein features assigned to each functional subsystem relative to the total number of annotated features assigned to functional categories (details in Supplementary Table S3 ). Functional assignments reported in the text are based on the subsystem hierarchy of MG-RAST and extracted from MG-RAST using the same match filters as for taxonomic assignments. Further data statistics were carried out with software package PAST V3 (Hammer et al., 2001) . We first performed a one-way analysis of similarity (ANOSIM) between pairwise of location samples (with six site samples in a location group) with 9999 permutations. We further employed principal component analysis (PCA) to explore and illustrate the relationship of taxa abundance and composition of all identified families among the 29 soil samples and reveal the taxa that differed significantly among soil microbial communities. Alpha diversity (a within-sample diversity calculated in MG-RAST), index of dominance and Shannon's index for diversity (at the family level) for each soil microbial community were calculated. The relative influence of elements of soil properties and climatic factors-including soil pH, average temperature during the coldest month (January), total rainfall during recording period, soil available nutrient and phosphorus levels, and soil X. Wang, et al. Applied Soil Ecology 147 (2020) 103449 organic matter level-on alpha diversity, dominance and Shannon's index were tested through multiple regression analysis assuming a linear relationship. The relationships between microbial alpha diversity with soil pH (the soil property revealed to influence the microbial community, see Results) were tested with Pearson's correlation analyses. The relationships between the taxonomic distance (Euclidian distance) between two sites with environmental distance (Euclidian distance in soil pH) and the physical distance (logarithm transformed) between two sites were tested using regression analysis with linear or quadrate relationship assumed, and the relationship with smaller Akaike IC value was chosen. Significance was taken at p < 0.05. When multiple comparisons were made, the Bonferroni correction of p-value was used.
To compare taxonomic composition and functional structure of soil microbial communities in agricultural fields globally, we extracted available datasets archived in MG-RAST using the criteria of "metagenomes" and "agricultural feature (or agricultural field)". Only datasets with > 1 million reads per sample were retained. Consequently, data for 132 samples were retrieved (as of 31 December 2018), including 91 from North America (the USA and Canada), 36 from Brazil, three from China and two from France. Their MG-RAST sample ID, library ID and other details are provided in Supplementary Table S1 . For each sample, alpha diversity was retrieved as a diversity index, relative abundance of families was retrieved as taxonomic composition, and the relative abundance of gene subsystem retrieved as functional structure. Soil pH was recorded where available (52 samples). These data and our data were initially analysed using the MG-RAST server with the same pipeline and against the same set in the reference database. For comparison in taxonomic composition, only families with relative abundance > 0.01% (377 families) were retained. The previous data were combined with our data to compare taxonomic composition and functional structure using PCA analysis in PAST V3 (Hammer et al., 2001) . Significance was taken at p < 0.05. When multiple comparisons were made, the Bonferroni correction of p-value was used.
Results
The soil from the 29 sites (five sites from location Jin Tan due to sequencing failure for one sample) varied in soil pH from acidic (at location He Fei) to alkaline in other locations (Table 1) . Major nutrient elements (available nitrogen, phosphorus and potassium, and organic matter) differed considerably across the sampling sites, between and among the five locations. Shotgun sequencing generated an average of 70 million (M) paired-end reads, ranging from 56 to 83 M in the 29 bulk soil samples. Adaptor sequences were removed first in the data cleanup. Low-quality reads were removed using a Q score of 20 (Q20, implying 99.0% of base call accuracy). As a result, an average of 69.5 M reads and 10.4 Gb pairs were retained as clean data. Further details of retailed DNA sequences are in Supplementary Table S1 .
Soil microbial community diversity, composition and structure in the paddy field
For the microbial communities in the 29 soil samples, the MG-RAST server predicted an average of 28.2 M protein features (23.3-34.9 M) and an average of 38,686 rRNA features (29, 583) . By aligning the sequencing data against several rRNA databases, MG-RAST identified an average of 13,161 rRNA features in the 29 samples. MG-RAST also identified 13.0 M protein features by searching for sequence similarity against several databases (KEGG, UniProt, eggnog, SEED) simultaneously. Details for each sample are in Supplementary Table S3 . Among the identified rRNA features, 98.16% ( ± 0.35%) of the sequences were bacteria, 1.04% ( ± 0.31%) were Archaea, 0.59% were Eukaryotes, and < 0.02% were viruses. An average of 36% (26-50%) DNA sequences were unclassified.
The taxonomic assignment was accepted at the family level. Among X. Wang, et al. Applied Soil Ecology 147 (2020) 103449 the identified taxa, Gemmatimonadaceae was the most abundant bacteria family in the soil microbial communities in our study, being an average of 3.02% of the 530 families identified, followed by Acidobacteriaceae (1.35%), Anaerolineaceae (1.32%), and Sphingomonadaceae (1.29%) ( Table 2 ). The average abundance of each family in the 29 samples is in Supplementary. The analysis of similarity (ANOSIM) between soil microbial communities suggested that microbial communities from different locations differ significantly at the family level, except between Jin Tan and Yang Zhou that were onlỹ 80 km apart (Table 3) . The UPGMA clustering of species composition showed that most of the sites from the same location were clustered, with a few exceptions; for instance, sites from Jin Tan that were scattered in the PCA plot (Fig. 1) . The PCA also identified that families differed significantly in their relative abundance (Fig. 1). Fig. 2 shows the relative abundance of the top ten families differing in their relative abundances. For instance, the relative abundance of Sphingomonadaceae was close to 41% (in the top ten families) at site JTNSR4, but only 1% at HFNSR2, while the abundance of Gallionellaceae had the opposite pattern.
Influence of soil properties on microbial community composition, structure and function
Among the soil chemical properties and climatic factors, soil pH was the only significant element influencing microbial community alpha diversity (p = 0.0011), Dominance (p < 0.0001), and Shannon index of diversity (p < 0.0001) (Table 4 ). With an increase in soil pH from acidic to basic, soil microbial community diversity, as measured by alpha diversity, increased. Increasing soil pH resulted in increased dominance, suggesting some specific taxa became more dominant in alkaline soils. As a result, Shannon's index of diversity decreased in more basic soils (Fig. 3) . The extent of the difference in soil pH also significantly influenced the similarity of species composition in the soil communities, and the relationship became unimodal (Fig. 4A ). Spatial distance between the two sampling sites tended to influence similarity of species composition in the soil communities, but only within the same sampling location-the closer the two sampling sites were, the more similar their microbial species composition. However, the relationship between spatial distance and microbial composition disappeared between pairs of sites from different locations (Fig. 4B ). In 23 of the 530 identified microbial families, their relative abundance in each soil microbial community was related to soil pH (Bonferroni corrected p < 0.05). The six families with an overall abundance > 0.5% are shown in Fig. S1 . With the shifting soil pH, the relative abundance of those six families also changed, with some families (such as Planctomycetaceae and Phyllobacteriaceae) becoming more abundant with an increase in soil pH, while the opposite occurred for families such as Acidobacteriaceae, Hyrogenphilaceae, Beijerinckiaceae and Bradyrhizobiaceae (Fig. S1 ). The complete list of the 23 families is in Supplementary Table S4 . The relative abundance of 32 families was linked to available P level in the soil, though most of those families had relatively lower relative abundance in the microbial communities to have an impact on overall community diversity and structure. The complete list of the 32 families is in Supplementary Table S4 .
To examine whether the pattern of correlation between soil microbial diversity and soil pH hold in microbial communities collected globally (with most datasets from North and South America), we correlated soil pH to the alpha diversity of microbial communities in our experimental soils with those archived in MG-RAST. The relationship between soil pH and microbial community diversity (alpha diversity) in global agricultural soils was significant, whether for the data from MG-RAST alone (r = 0.304, p = 0.029) or combined with our data (r = 0.372, p = 0.0006) (Fig. 5) . In other words, the influence of soil X. Wang, et al. Applied Soil Ecology 147 (2020) 
pH on microbial community diversity is qualitatively similar across biomes separated by many thousands of kilometres in different continents.
Soil pH also has a profound influence on gene function and life history pathways of microbial communities. Twenty-eight different functional subsystems were assigned to the 29 soil metagenomes. The relative abundance of eight categories was significantly related to soil pH (Table 5) , but none were related to other soil property parameters or climatic factors. Key metabolic pathways associated with Amino Acids and Derivatives, and Iron Acquisition and Metabolism, were enriched as soil pH increased, while genes in biological processes related to Cell Division and Cell Cycle, and Cell Wall and Capsule, are more abundant in acidic soils.
Influence of agricultural practice on global soil microbial community
Agricultural practice had a profound impact on the taxonomic composition of soil microbial communities under contrasting practices: flooded paddies and rainfed dryland (Fig. 6) . The taxonomic composition (families with relative abundance > 0.01%) in North American dry croplands did not differ from those in Brazilian Amazonia in South America (ANOSIM p = 0.578) regardless of the geographic distances > 7000 km between locations. The taxonomic composition of the North and South American groups differed from those in flooded paddy fields in China's YRB (ANOSIM p = 0.002 and p = 0.008, respectively). The distribution of samples from the North and South American groups was continuous in the PCA plot, despite most of the samples coming from two main locations in each continent (Boone in Iowa and Williston in North Dakota in North America, Sao Paulo and Amazonas in Brazil, see Table S1 ), suggesting the dominant role of agricultural practice (either flooded paddy practice or rainfed cropping) shaping the taxonomic composition of soil microbial communities at a continental scale. As support, data for two samples from France's agricultural dry cropland were retrieved from MG-RAST; the taxonomic composition of their soil microbial communities was similar to those in North and South America, as evident in the PCA plot (a formal ANOSIM was not performed due to the small number of samples). For three other samples from China's paddy fields (from Cai et al., 2014) , one clustered with our current sample group, while the other two clustered with the North and South American groups (Fig. 6) .
The pattern of agricultural practice shaping the taxonomic composition of soil microbial communities at a continental scale was not evident for functional composition. The functional composition of soil microbial communities, as measured by the relative abundance of gene subsystems, differed between communities in rainfed dry croplands and flooded paddies (Fig. 7) . Genes involved in Carbohydrate Metabolism, Nitrogen Metabolism, and Respiration differed significantly between the two agricultural systems. Within the North American group, the samples clustered into two groups, generally corresponding to the two major sampling locations (see Table S1 ), and a similar pattern was evident for the samples from Brazil (Fig. 7) , suggesting additional environmental influences on the soil microbial community functional profile.
Discussion
The metagenomic analysis in this study suggested that soil pH is a significant driver of microbial diversity and structure in croplands from Wang, et al. Applied Soil Ecology 147 (2020) 103449 China's Yangtze River Basin. The results indicate that soil microbial community diversity was lower in acidic soils than alkaline soils, when measured by alpha diversity. We, however, observed the opposite trend when diversity was estimated by Shannon's index of diversity. Increased soil pH may encourage the presence of more microbial taxa with low abundance. Meanwhile, a few common bacteria families are favoured in non-acidic soil with higher relative abundance than in acid soil. Both may contribute to the observed pattern of negative correlation between Shannon's index of diversity and soil pH. When incorporating our data with comparable data-sampled from agriculture land, using wholegenome sequencing metagenomes, and analysed with the same pipeline-retrieved from the MG-RAST server, the significant correlation between soil pH and alpha diversity remained evident in the large dataset with 81 samples (with soil pH value available) from South and North America, and Asia (this study).
Using either T-RFLP or 16s rRNA amplicon sequencing, previous studies suggested the importance of pH in controlling total microbial community structure in diverse soils across various spatial scales (Fierer and Jackson, 2006; Jangid et al., 2008; Lauber et al., 2009; Rousk et al., 2010) . Rousk et al. (2010) revealed significant differences in soil bacterial community composition across a mere 180 m distance in a liming experiment, suggesting the dominance of pH in structuring bacterial communities at a local scale. At the continental level, Fierer and Jackson (2006) reported that differences in the diversity of soil bacterial communities across North and South America were attributed mainly to soil pH. In contrast, Faoro et al. (2010) reported no significant impact of pH on diversity in Brazilian Atlantic Forest using 16S rRNA gene sequences, which may have been due to the low sample size (10) and narrow pH range (3.7-4.4) in their analysis. Our study and those retrieved from MG-RAST used a much more powerful wholegenome sequencing metagenome approach that spanned a spatial scale from 10 m to thousands of kilometres across different continents with different environment and climates. Together with existing evidence, our analysis supports the notion that soil pH is a more significant driver of bacterial community diversity and composition than other environmental factors. The pattern is consistent both across biomes and within individual soil types, regardless of the spatial scale or methods used for taxonomy assignment.
It has been hypothesised that soil pH may influence the composition of soil microbial communities by modifying enzyme activity through controlling the accessibility of nutrient and moisture by changing the ionisation balance in soil (Rousk et al., 2010) . For example, Hu et al. (2013) reported that soil pH influenced the ionisation equilibrium of nitrate and ammonia in soils and consequently drove community composition and the biogeography of ammonia oxidisers. Indeed, our analysis of functional composition (gene subsystems) revealed that soil pH influenced a considerable proportion of gene subsystems that regulate metabolic and reproductive pathways in soil microbial communities. It is likely that most bacterial taxa have relatively narrow growth Fig. 7 . Principal component analysis plot showing difference between gene subsystems in soil microbial communities from different continents with contrasting land-use history. Yellow dots indicate samples from France (rainfed dryland agriculture). The rainfed dryland may be irrigated, but not flooded over a prolonged period as the flooded paddies. Convex hull for each group of samples is shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 5
Effect of soil pH on gene subsystems in microbial communities. Bold indicates significance after Bonferroni correction (Bonferroni adjusted p-value was 0.0018 with significance at p < .05). Wang, et al. Applied Soil Ecology 147 (2020) 103449 tolerances to pH in their environments, which is consistent with the narrow pH range (between 2 and 4 pH units) in the laboratory culture of many bacterial species (Rosso et al., 1995) . Different bacterial strains may have different and narrow pH optima, which leads to the strong relationship between microbial community composition and soil pH. The pattern of soil pH and microbial community composition is stable and consistent across spatial scales and biomes (Fierer and Jackson, 2006; Lauber et al., 2009; Rousk et al., 2010; Ren et al., 2018) . Soil pH could maintain a stable feedback loop that determines the fate of bacterial populations by either facilitating or inhibiting their growth (Ratzke and Gore, 2018) . The stable feedback loop, therefore, maintains the stable and consistent soil pH-microbial community composition pattern. Indeed, we observed a significant shift in vital metabolic and reproductive pathways (abundance of gene subsystems) in response to shifts in soil pH in the microbial communities. We also observed changes in the relative abundances of specific taxonomic groups across pH gradient, as reported in other studies; for example, decreasing pH increased the relative abundance of Acidobacteria (Männistö et al., 2007; Jones et al., 2009; Dimitriu and Grayston, 2010) and we observed similar trends in Acidobacteriaceae, Hydrogenophilaceae, Beijerinckiaceae and Bradyrhizoiaceae. The relative abundances of Planctomycetaceae and Phyllobacteriaceae tended to be positively related to increasing pH across our sampling sites. How the change in diversity and abundance of these bacterial groups influences soil quality is not clear as the ecology and metabolism of these bacteria is not well understood (Kielak et al., 2016) . However, Nannipieri et al. (2003) believed that soil tends to be redundant in functions and that a change in abundance of a group of taxa may have little effect on overall soil processes because other microbial groups can take on its function.
The climatic factor played an important role in some biomes and had a significant and direct influence on soil microbial communities (Balser et al., 2010) . Soil carbon and nitrogen availability also had strong positive associations with some soil microbial communities (Li et al., 2017; Ren et al., 2018) . He et al. (2013) reported that nitrogen additions significantly reduced the diversity of a soil microbial community, while Yuan et al. (2017) observed that the abundance of some microbial families increased with high nitrogen supply in Alpine Tundra. We found that other soil properties (AP, AN and organic matter) and climatic factors (minimum temperature and rainfall) play a negligible role in affecting overall microbial community structure. Agricultural soils are commonly fertilised with nitrogen, and usually excessively. The effect of nitrogen on soil microbial communities may be saturated, and its impact was, therefore, not differentiated across the sampling sites. Studies have reported high abundances of proteobacterial groups due to higher availability of organic matter (soil carbon) (Axelrood et al., 2002; Fazi et al., 2005; Fierer et al., 2007) . The influence of organic matter on soil microbial communities was not evident in our study. It is likely that the effect of organic matter could be saturated, as organic matter content is usually high in agricultural soil. The relative abundance of several bacteria families was linked to the level of available P in soil in our study. However, most of these families had relatively lower relative abundance in the communities; therefore, available P had little impact on the overall microbial community diversity and structure in our study.
By retrieving comparable data from a public depository (MG-RAST) with contrasting land-use history, we revealed significant differences in taxonomic structure and functional composition between our samples (collected from flooded rice paddies) and those from primarily rainfed dry croplands in South America, North America and Europe. Land-use history has previously been shown to drive the diversity and structure of soil microbial communities (Tripathi et al., 2012; Suleiman et al., 2013; Goss-Souza et al., 2017) . Agronomic land use and cultivation history may have induced shifts in both taxonomic composition and metabolic function (Carbonetto et al., 2014; Li et al., 2018) , as observed here between farming systems. Rice cultivation in flooded paddies in China's YRB has a history of almost 10,000 years (Zong et al., 2007) .
Such long and consistent agricultural land use must have created a persistent yet unique microbial community with a stable structure and function profile. The close community structure and composition of the two samples from Europe (France) to those from the North and South American communities suggest that similar agricultural land-use types may have resulted in a similar assembly of soil microbial community, though a formal analysis with more samples from Europe and other continents (Asia, Africa and Australia) is needed for a robust conclusion. Elsewhere, Breidenbach et al. (2017) reported different microbial community structures in soils for rainfed maize cultivation and continuous wetland cultivation for rice, which may be due to different environmental conditions, such as the availability of oxygen in the soil.
Metagenomic analysis using shotgun sequencing identified some significant taxa groups in our study. Some taxa groups are noticeable, with relative abundances differing significantly between sites or being related to soil pH. Acidobacteriaceae was the second most abundant bacteria family in our samples, and its relative abundance was significantly associated with soil pH. It is known that soil pH controls the abundance of this family (Dedysh et al., 2006; Sait et al., 2006; Jones et al., 2009 ). All species of Acidobacteriaceae family are found in acidic environments. Indeed, it had a higher abundance in soil microbial communities from He Fei, where soils are acidic (pH < 7). Other families with relative abundances that differed among samples included Hydrogenophilaceae and Gallionellaceae. The presence of sulfides as electron donors and either molecular oxygen or nitrogen oxides as electron acceptors is a crucial factor for the presence and growth of members of Hydrogenophilaceae (Orlygsson and Kristjansson, 2014) , though Lipson et al. (2015) reported that the abundance of Hydrogenophilaceae was related positively to the level of organic matter in arctic wet tundra soils. Geobacteraceae was abundant across the soil microbial communities in our study. Lovely et al. (2011) suggested that the elevated presence of members of Geobacteraceae may be related to Fe-reducing environments as a result of anthropogenic increases in organic matter. The high abundance of Geobacteraceae may stimulate the growth of other microbes through the release of soluble Fe(II) from insoluble Fe(III) into their environment (Röling, 2014) , and improve nutrient accessibility by aboveground plants, which is beneficial in cropping systems.
The family Gemmatimonadaceae, the most abundant family identified in our paddy field samples, made up an average of 3% of the soil bacterial communities, which corroborates the previous estimate that Gemmatimonadaceae is one of the top families found in soil (Fawaz, 2013) . However, Gemmatimonadaceae was not related to soil pH in our study. Some studies have reported that members of Gemmatimonadaceae prefer soils near-neutral pH ), DeBruyn et al. (2011 found that soil moisture was the most significant factor constraining the abundance of Gemmatimonadaceae in a global biogeography analysis. Yuan et al. (2017) observed that the abundance of Gemmatimonadaceae responded positively to nitrogen supply, which was not seen in our study. It is likely that the effect of nitrogen is saturated as nitrogen fertilisation is usually common in croplands. Sphingomonadaceae was one of the most abundant bacterial families identified, with an average relative abundance of 1.29% in our study, and its relative abundance was not related to soil pH or other soil properties. The abundance of Sphingomonadaceae may be linked to the utilisation of small organic substances resulting from the degradation of humic substances (Hutalle-Schmelzer et al., 2010) . Organic matter content is highly abundant in the croplands of our study system, and its influence on the abundance of Sphingomonadaceae may have been saturated. Anaerolineaceae is abundant in cropland soil, being the third most abundant with an average abundance of 1.32% in our study. Its relatively high abundance has been reported (Kirkegaard et al., 2016; McIlroy et al., 2017) , while their physiology and ecology are less known. Most species of the Anaerolineaceae use carbohydrates and proteinaceous carbon sources under anaerobic conditions (Yamada et al., 2007; Sun et al., 2016) . Habitats with abundant crop residues and sometimes submerged soil (in rice paddies) may encourage the growth of members of the Anaerolineaceae.
Conclusions and implications
In this study, using shotgun sequencing and metagenomic analysis, we characterised soil microbial communities in croplands in China's major agricultural region in YRB. The taxonomic diversity of the microbial communities in this region was predominantly defined by soil pH, rather than by climatic factors. The significant correlation between soil pH and microbial community diversity was extended to soils from different continents, when datasets generated with similar methodology were retrieved from MG-RAST and incorporated into the correlation analysis. Together with available evidence, our findings support the notion that microbial biogeography is controlled primarily by edaphic variables, in particular soil pH, regardless of the spatial scale, which differs fundamentally from the biogeography of other macro-organisms. Our comparative analysis also revealed that agronomical land use and cultivation history might have induced shifts in both taxonomic composition and metabolic function. The results of our study deepen our understanding of the structure and functions of the soil microbial community in croplands (rice paddies) in China. The predominant element of soil property (pH) and the response of particular taxa to changing pH provide insight for the selection of agricultural practices. Agricultural practices and fertilisation could change soil pH and, therefore, alter soil microbial diversity and composition, which could have a potential impact on soil quality and nutrient supply.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.apsoil.2019.103449.
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